Influence of the redox state on the neptunium sorption under alkaline conditions: Batch sorption studies on titanium dioxide and calcium silicate hydrates Abstract: Wet chemistry experiments were carried out to investigate the effect of the redox state and aqueous speciation on the uptake of neptunium by titanium dioxide (TiO 2 ) and by calcium silicate hydrates (C-S-H) under alkaline conditions. TiO 2 was chosen as a reference sorbent to determine the surface complexation behaviour of neptunium under alkaline conditions. C-S-H phases are important constituents of cement and concrete. They may contribute significantly to radionuclide retention due to their high recrystallization rates making incorporation the dominating sorption mechanism for many radionuclides (e.g. the actinides) on these materials. The sorption of neptunium on both solids was found to depend strongly on the degree of hydrolysis. On TiO In addition to the effect of hydrolysis, the presence of Ca is found to promote Np(V) and Np(VI) sorption on TiO 2 whereas on C-S-H phases, the present wet chemistry data do not give unambiguous evidence. Thus, the aqueous speciation appears to have a similar influence on the sorption of the actinides on both types of solids despite the different sorption mechanism.
Introduction
Cementitious materials are an important component in the multi-barrier concepts developed in many countries for the safe storage of low and intermediate level (L/ILW) radioactive waste in deep geological repositories (e.g., [1] ). Reliable thermodynamic models able to predict the interaction between radionuclides and cementitious materials in the long term are important for the performance assessment of future cement-based repositories. The development of such models requires a sufficiently detailed macroscopic and molecular-level understanding of the uptake processes involved. Studies on the retention of radionuclides by cementitious materials have focused predominantly on adsorption as the relevant uptake process (e.g., [2] and references therein). However, other potentially important immobilization processes, such as incorporation in the solid matrix, may take place and, thus, exert a beneficial effect on radionuclide retardation. Calcium silicate hydrates (C-S-H), the major cement constituent, are characterized by high recrystallization rates (e.g., [3] ) thus making them an ideal system for the incorporation of radionuclides. Titanium dioxide (TiO 2 ) is a solid phase known to be stable under alkaline conditions and ambient temperature with low solubility and slow recrystallization [4] . Therefore, radionuclide incorporation into the , d ) calculated using the NEA thermodynamic database [9] completed with stability constants for the hexavalent NpO 2 (OH) 2 (aq) [5] , NpO 2 (OH) 3 − and NpO 2 (OH) gray-coloured fields in the predominance diagram represent the redox potential ranges expected in the cementitious near-field of a L/ILW repository [11, 12] .
structure of this mineral is unlikely, thus making it an adequate solid to study the surface complexation behaviour of radionuclides under alkaline conditions. The chemical behaviour of neptunium in nuclear waste repositories is of particular concern because of its long half life ( 1/2 = 2.14 × 10 6 years) and its radiotoxicity. Neptunium is commonly believed to exist in the oxidation states +IV and +V in a cementitious environment under reducing and oxidizing conditions, respectively. However, the possible formation of anionic Np(VI) species (NpO 2 (OH) 3 − and NpO 2 (OH) 4 2− ) under oxidizing alkaline conditions, in analogy to U(VI), may significantly limit the stability field of Np(V) in favour of Np(VI) species. Recently, Np redox speciation studies have confirmed the analogy between the uranium and neptunium speciation under alkaline, oxidizing conditions [5] . A predominance diagramme for Np in the pH range 10 < pH < 14 including the anionic Np(VI) species (NpO 2 (OH) 3 − and NpO 2 (OH) 4 2− ), shows that all three redox states may occur under the redox conditions expected in a L/ILW repository (gray-coloured regions in Figure 1a ). Experimental sorption data with Np(V) on cementitious materials are scarce while sorption data for Np(IV) and Np(VI) are non-existing in the literature due to the experimental difficulties associated with the stabilization of the +IV and +VI redox states (e.g., [6] ). Actinides are classified as hard Lewis acids and thus, they exhibit a strong affinity for oxygen-containing hard bases such as the surface hydroxyl groups of metal oxides and C-S-H phases (e.g., [7] ). These surface hydroxyl groups have oxygen atoms with lone electron pairs, which can act as electron donors in coordination reactions resulting in ionic bonding. The bond strength in ionic bonds correlates roughly with the effective charge of the metal cation [7, 8] .
Actinide surface complexation on C-S-H phases is thus expected to decrease with decreasing effective charge of the actinides in the order:
An 4+ (4) > AnO 2 2+ (3.3) > An 3+ (3) > AnO 2 + (2.2) (1) Numbers in brackets represent the effective charge of the respective actinides [7, 8] . Studies with Th(IV) [13] [14] [15] [16] [17] [18] report strong uptake behaviour with sorption distribution ratios ( d values) typically ≥ 10 5 L kg −1 . Th(IV) uptake by cementitious materials was interpreted in terms of innersphere complexation at the surface of the C-S-H phases in cement [16, 18] . Recently, an EXAFS study showed that C-S-H phases are responsible for Np(IV) retention by hardened cement paste (HCP) and that Np(IV) is predominantly incorporated in the interlayer of C-S-H phases [19] . A limited number of sorption data with Np(V) on HCP are available from the literature ( [14, 20] [21] suggested that Np(V) is adsorbed on the cement surface in its pentavalent state in a first step, followed by reduction to the tetravalent state. The idea of a surface-catalysed reduction process is, however, not supported by a more recent XANES / EXAFS study [22] . The latter study shows the presence of pentavalent Np sorbed species on C-S-H phases and HCP after a reaction time of 2 months. The same EXAFS study [22] also provided indications for incorporation of Np(VI) in the C-S-H interlayers based upon the presence of a neighbouring Si shell at short distance. Further information on the uptake of hexavalent actinides in C-S-H phases resulted from sorption studies with U(VI) on cementitious materials (e.g., [22] [23] [24] [25] [26] [27] [28] and 10 6 L kg −1 and to depend on pH, aqueous speciation and the composition of C-S-H phases. The latter phases are considered to be responsible for U(VI) immobilization in cementitious materials. EXAFS investigations and luminescence spectroscopy studies further indicate that U(VI) is incorporated in the interlayer of the C-S-H phases [24, 27, 28] . Gaona et al. [29] finally showed that batch sorption data could be modelled with the help of a sublattice ideal solid solution model with three C-S-H end-members and three U(VI)-bearing end-members, in agreement with spectroscopic results. The present study was carried out to determine a consistent set of sorption data for Np(IV), Np(V) and Np(VI) on C-S-H phases and on TiO 2 under alkaline conditions (10 < pH < 14) with the aim of 1) investigating the effect of the redox state of Np on the uptake by cementitious materials and 2) confirming the possibility of actinide incorporation in the C-S-H structure. Batch sorption experiments were carried out on C-S-H phases with varying composition and on TiO 2 . The CaO:SiO 2 (C:S) mole ratios of C-S-H phases can vary between ∼ 0.67 and ∼ 2.0 (e.g., [30] ).
With increasing C:S ratios, H + ions in the interlayer and bridging tetrahedra of the silica chains are progressively replaced by Ca 2+ cations [31, 32] . The C:S ratio is known to correlate with both the pH and the aqueous Ca concentration (e.g., [30, [33] [34] [35] ). Hence, varying the C:S ratio in a sorption experiment coincides with a variation of pH and the aqueous Ca concentration. Sorption on TiO 2 was investigated to determine Np(IV,V,VI) surface complexation on oxide surfaces under alkaline conditions. Sorption experiments were carried out as a function of pH and aqueous Ca concentration to allow comparison with the sorption behaviour onto C-S-H phases to be made. Differences between the sorption behaviour on TiO 2 and on C-S-H phases were expected to provide evidence for incorporation into the C-S-H structure. Control of the redox conditions during the batch sorption experiments was a critical aspect in this study. Reducing conditions were maintained by the addition of a reducing agent (Na-dithionite ( 0 (2SO 3
whereas oxidizing conditions were controlled by the addition of Na-hypochlorite ( 0 (Cl
oxidizing agent. The use of reducing or oxidizing agents, respectively, allowed redox conditions to be controlled at any time in the entire volume of the homogenized suspension.
To the best of our knowledge this paper reports the first measured d values for Np(IV) and Np(VI) on cementitious materials. These data will fill a major gap in sorption databases used in performance assessment studies for nuclear waste repositories.
Experimental

Materials
Throughout this study, Merck "Pro analysis" chemicals and deionized, decarbonated water (Milli-Q water) generated by a Milli-Q Gradient A10 System (Millipore, Bedford, USA) were used. The Milli-Q water was deaerated by purging thoroughly with N 2 for at least 2 h followed by equilibration with the inert N 2 glove box atmosphere for at least one week before use. The centrifuge tubes used for the wet chemistry experiments were washed, left overnight in a solution of 0.1 M HCl, and thoroughly rinsed with Milli-Q wa-ter. All experiments were carried out in glove boxes under N 2 atmosphere (pO 2 , pCO 2 < 2 ppm). were prepared in pure NaOH without 0.1 M NaCl as background electrolyte.
C-S-H phases with varying C:S ratios (0.65 < C:S < 1.65)
were synthesised in Milli-Q water (alkali-free C-S-H phases) and in an artificial cement pore water (ACW) following a procedure adapted from [37] . Briefly, AEROSIL 300 (SiO 2 ) (Evonik Industries, AG, Germany) was mixed with CaO in polyethylene bottles to give target C:S ratios between 0.65 and 1.65. To this, ACW or Milli-Q water was added to achieve S:L ratios of 5 × 10 −3 kg L −1 . After an ageing period of at least 2 weeks, the C-S-H suspensions were ready for further use in sorption experiments. A detailed characterization of these C-S-H phases is provided in [38] . The composition of ACW is based on an estimate of the pore water composition in HCP before any degradation of the material had occurred. The ACW contains 0.18 M KOH and 0.114 M NaOH and has a pH of 13. 239 Np tracer solutions were prepared according to a procedure described earlier by Sill [39] . 
Experimental set-up
The uptake of the actinides by C-S-H phases and TiO 2 was studied by determining their partitioning between solid and liquid phase. The uptake was expressed in terms of a distribution ratio, d (L kg −1 ), which is the ratio of the amount of radionuclide sorbed, { sorb } (mol kg −1 ) and the radionuclide concentration in solution, [M] eq (M). The d value was obtained from activity measurements in suspensions and in supernatant solutions using the following equation:
where [M] sorb is the concentration of radionuclide sorbed on the solid (M). A susp is the activity determined in suspension (Bq L −1 ), eq is the activity determined in the supernatant solution (Bq L −1 ), is the sample volume (L) and is the mass of C-S-H phase and TiO 2 in suspension (kg). 12.4
Dependence on C-S-H IV, V, VI 3 10.1-12.5 (alkali-free)
Batch-type sorption tests with 
or 10 −2 M Na-hypochlorite (NaClO), respectively. Gaona et al. [19, 22] and Rojo et al. [41] showed that Na-dithionite and Na-hypochlorite have no influence on the sorption behaviour of tetravalent and hexavalent actinides. XANES spectra of C-S-H pastes containing much higher
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Np concentrations ( > 10 −5 M) in the pH range, 9 < pH < 13.5 confirmed that these reducing/oxidizing agents were able to keep Np in the tetravalent and the hexavalent states, respectively [19, 22] . In addition, the sorption behaviour of Np(IV) and Np(VI) on C-S-H phases observed in the present experiments (see section 3.3) is similar to the sorption behaviour of Th(IV) and U(VI) onto C-S-H phases reported in the literature [27, 41] . i.e., the d values for Np(IV) and Th(IV) sorption on C-S-H phases are both independent of the C:S ratio whereas d values for Np(VI) and the U(VI) sorption both decrease with increasing C:S ratio. 
Results
Kinetic test experiments
The sorption kinetic was determined for Np(V) on C-S-H phases under alkali-free conditions (Figure 2 ). For all C-S-H phases, equilibrium was found to be attained within 8 days. Uptake by C-S-H phases with lower C:S ratio appears to be slightly slower (equilibrium after 8 days) than uptake by C-S-H phases with a C:S ratio of 1.65 (1-2 d). Fast uptake could indicate a surface complexation process whereas the slower uptake observed in the C-S-H systems with low C:S ratios suggest that other processes with slower kinetics, such as diffusion into the C-S-H interlayers or recrystallization, could be important. Sorption kinetics with Np(IV) and Np(VI) on C-S-H phases were not determined. Previous kinetic studies with Th(IV) and U(VI), however, showed that uptake of tetravalent and hexavalent actinides by C-S-H phases occurs within time scales similar to those of Np(V). In the case of Th(IV), maximum d values were determined after less than 1 day, whereas in the case of U(VI) maximum sorption was observed after approximately 10 d [27, 42] .
The sorption of Np(IV), Np(V) and Np(VI) on TiO 2 was assumed to be fast based upon previous investigations with Th(IV), Np(V) and U(VI). Guo et al. [43, 44] showed that the kinetics of U(VI) and Th(IV) on TiO 2 are very fast over a wide pH range, with maximum sorption being reached within 1 day. Furthermore, studies on iron oxides and clays indicate fast Np(V) sorption kinetics (e.g., [45] [46] [47] [48] ) supporting the assumption that the sorption kinetics of Np(V) on TiO 2 is fast.
In conclusion, the present sorption kinetic tests along with literature data indicate that Np(IV,V,VI) uptake is very fast, reaching maximum sorption within 1-2 d if surface compexation dominates (e.g. on TiO 2 ). The slightly slower sorption kinetics on C-S-H phases (sorption equilibrium within 8 d) suggest, however, that additional uptake processes such as diffusion into the C-S-H interlayers or recrystallization, might occur.
Sorption studies on TiO 2
The results from batch sorption tests with Np(IV,V,VI) onto TiO 2 are shown as function of pH ( Figure 3 ) and as function of the aqueous Ca concentration (Figure 4) . Note that 
Effect of the pH
In the case of Np(IV), the pH had no influence on its sorption behaviour (Figure 3a) . Aqueous speciation under alkaline conditions shows that the neutral Np(OH) 4 (aq)
species is the only species present above pH = 10 (Figure 1b. ), and therefore Np(IV) sorption onto TiO 2 does not depend on pH. Figure 3a further reveals that Np(V,VI) uptake by TiO 2 decreases with increasing pH. In the case of Np(V), this behaviour is attributed to variations in the aqueous speciation over the pH range under investigation. Indeed, speciation calculations for Np(V) in the range 10 < pH < 14 (Figure 1c) The effect of Ca sorption on Np(V,VI) sorption can be explained either by neutralisation of the negative surface charge, or by the formation of a very strong surfacestabilized Ca-neptunate complex or Ca-neptunate ion pair. A thorough understanding of the Np(V,VI) sorption processes on TiO 2 under alkaline conditions in the presence of Ca would require a more in-depth wet-chemistry and spectroscopic investigation exceeding the scope of the present study.
Thus, we only conclude that Ca sorption significantly increases Np(V) and Np(VI) uptake by TiO 2 .
Sorption studies on C-S-H phases
The uptake of Np(IV,V,VI) by C-S-H phases was determined as function of the C:S ratio under alkali-free conditions ( Figure 5a ) and in the presence of alkalis, i.e. ACW at pH = 13.3 (Figure 5b, c) . The C:S ratio of C-S-H phases correlates with both the pH and the Ca concentration in solution (e.g., [30, [33] [34] [35] 38] ). An increase in the C:S ratio from 0.67 to 1.65 results in a pH increase from 10.1 to 12.5 and an increase in the Ca concentration from ∼5 × 10 −4 M to 2 × 10 −2 M. In ACW, at a constant pH of 13.3, the Ca concentration increases from ∼ 10 −5 M to 1.6 × 10 −3 M at increasing C:S ratios between 0.67 and 1.29 [38] . The change in the C:S ratio further induces changes in the structure of the C-S-H phases. To test how much of the Np(IV,V,VI) sorption behaviour can be explained by their speciation in solution, the Np(IV,V,VI) sorption behaviour on C-S-H phases was interpreted in terms of pH and aqueous Ca concentration in agreement with the sorption behaviour on TiO 2 .
d values determined for Np(IV) on C-S-H phases under alkali-free conditions were found to be very high ((6 ± 3) × 10 5 L kg −1 ) and appear to be independent of the C-S-H composition. In ACW, within the uncertainty range of the measurements, similar d values were determined. The apparent positive effect on Np(IV) sorption in the presence of alkalis is considered to be not significant (compare Figures 5a with 5b and c) . The constant d values observed for Np(IV) sorption, which is independent of the C-S-H composition, indicates that neither pH nor the Ca concentration have an influence on the uptake, suggesting that the Np(OH) 4 (aq) species sorbs onto the C-S-H phase as a fourfold hydrolyzed species like in the TiO 2 system. Note that recent EXAFS investigations provided clear evidence for the incorporation of Np(IV) in the interlayer of C-S-H phases independent of pH and C:S ratio [19] . This process is not controlled by a simple ion-exchange process, sub- This sorption behaviour was unexpected as the lower effective charge of Np(V) (2.2) compared to Np(IV) (4.0) implies much weaker sorption of the pentavalent redox state compared to the tetravalent redox state.
Np(VI) exhibits a different sorption behaviour on C-S-H phases: In the absence of alkalis, d values at low C:S ratios are similar to those determined for Np(IV) and Np(V).
With increasing C:S ratio, however, a steady decrease of the d values was observed.
In the case of Np(V) and Np(VI), a reversible adsorption process on C-S-H phases, similar to that on TiO 2 would imply that with increasing C:S ratio, the d values are affected simultaneously by two counteracting parameters: 1) a decrease in d value with increasing pH due to increasing concentrations of the non-sorbing an- dicates that an increase in the aqueous Ca concentration of about two orders of magnitude gives rise to an increase in the d value by a factor 4. In the case of Np(V) no effect of an increase in the aqueous Ca concentration from 10 −5 M to 10 −3 M was observed (Figures 5b, c) . Comparison of the Np sorption data on C-S-H phases (Figure 5c ) with those on TiO 2 (Figure 4b) shows that the effect of the aqueous Ca concentration on the d values in the region 10 −5 M < [Ca] < 10 −3 M, is, at least qualitatively, rather similar in both cases. This suggests that the same processes might be involved.
Discussion
Effect of the Np redox state on sorption
At acidic pH, i.e. under conditions where the free metal cation dominates the speciation, d values for the sorption of pentavalent actinides on metal oxides and clays were found to be much lower than d values for the tetravalent and hexavalent actinides, for which hydrolysis is expected to take place already under very acidic conditions (e.g., [62] [63] [64] ). This sorption behaviour is generally understood as a result of the differences in effective charge of the respective redox states. At pH = 10, however, the present study shows that d values for Np(IV,V,VI) on TiO 2 and C-S-H phases are very similar in value. This unexpected sorption behaviour of the three Np redox states (i.e., no effect of the effective charge) must originate from their different hydrolysis state at this pH. A possible explanation might be found by considering the increasing electrostatic repulsion between the OH groups coordinated to actinide cations [65, 66] and the chemical similarity between hydrolysis reactions and complexation reactions with surface hydroxyl groups (e.g., [51, 64, 67, 68] ).
Electrostatic inter-ligand repulsion between coordinated OH groups
Neck and Kim [65, 66] showed that with increasing hydrolysis of an actinide, it becomes more difficult to add an additional OH group to its coordination sphere due to the increasing inter-ligand electrostatic repulsion. This results in a progressive decrease of the stepwise hydrolysis constants of an actinide with increasing number of OH groups in the coordination sphere. Stepwise hydrolysis reactions are usually written as:
The corresponding conditional stepwise hydrolysis constants * n are defined by:
" " is an integer equal or greater than unity and "z" is the charge of the actinide cation.
In the approach of Neck and Kim [65, 66] , the following basic relation occurs:
With rep L being the electrostatic inter-ligand energy repulsion term and * 1 the stability constant of the first hydrolyzed species, MOH −1 .
Eq. (4) implies that the stepwise stability constant for the th hydrolysis species equals the stability constant of the first hydrolyzed species reduced with a term representing the electrostatic inter-ligand repulsion energy. Note that effects of electron-donating properties of coordinated OH groups to the effective charge of the hydrolysed Np species are not required in this approach which allows the decrease in stepwise hydrolysis constants to be quantified. The stability of a hydrolysed Np species is thus influenced by two factors: 1) the effective charge defining the bond strength between the hard Lewis acid (e.g. the free Np cation) and the hard base (e.g. the OH group), 2) the electrostatic inter-ligand repulsion. Inspection of the speciation of Np (Figure 1) 
with the corresponding conditional stepwise surface complexation constant, S n-1 :
Thus, hydrolysis and surface complexation can be treated as related processes (e.g., [51, 64, 67, 68] (2) and (5b) can be combined as follows:
Effect of hydrolysis on the Np(IV,V,VI) sorption
The concept of electrostatic inter-ligand repulsion proposed by Neck et al. [65, 66] predicts a limiting hydrolysis number, limit , for each oxidation state of a given actinide. This is clearly demonstrated in Figure 1b in 
Assuming linear sorption,
(9) can be written as:
Eq. (10) can then be reorganized to give the following definition of red :
red is valid for all solids provided the hydrolysed species [5] ; c) Gaona et al. [10] .
conditional stability constants, log * n , were carried out using the SIT approach and ion interaction coefficients ( ) taken from [9] 
Implications for Np(IV,V,VI) sorption on C-S-H phases
In Figures 7a and 7b , the same concept has been applied to model the sorption data of Np(V) and Np(VI) on C-S-H phases with different C:S ratios. Note that the wellknown changes in C-S-H structures with varying pH and various aqueous Ca concentrations (e.g., [31, 32] ) are not taken into account. This model only quantifies the contribution of the aqueous Np(IV,V,VI) speciation to their sorption behaviour on C-S-H phases assuming that the aqueous speciation has the same influence on the sorption on C-S-H phases and on The figures show that in the case of Np(VI), the proposed model approach enables us to explain the pH dependence of the experimental data. The effect of the C:S ratio on the sorption of Np(VI) by C-S-H phases can be attributed to the formation of the non-sorbing NpO 2 (OH) 4 
2−
complex. There could be a small effect of the Ca concentration on sorption as shown in Figures 5a, b , but this effect appears to be negligible compared to the hydrolysis effect. In the case of Np(V), the proposed approach allows the sorption data on C-S-H phases in the absence of alkalis to be modeled up to a pH of 12. It should be noted that the present macroscopic observations are not necessarily incompatible with the previous EXAFS studies which indicated Np(IV,V,VI) incorporation into the C-S-H interlayers [19, 22, 24, 27, 28] . The electrostatic ligand repulsion in the coordination sphere of the actinides is also expected to be effective in case of actinide sorption via the formation of an inner-sphere complex in the C-S-H interlayers. Based on the wet chemistry data determined in the present work, the sorption behaviour Np(IV) and Np(VI) onto C-S-H phases can be described almost entirely by invoking a predominant effect of hydrolysis as in the case of sorption onto TiO complex. Uptake of the latter complex by C-S-H phases can only be explained on the assumption that additional energetic stabilization occurs in the coordination environment of this Np(V) species, which is presumably taken up into the C-S-H interlayer.
Conclusions
